The influence of bite angle in bisphosphine complexes has been modeled by DFT calculations employing the simple model compound HCo(CO)(PP) (PP = Xantphos or two monophosphine ligands). The increase of the bite angle increases the strength of the H-Co bond, whereas the C-O bond in the carbonyl ligand is weakened revealing an increase also in the donor character. The model compound cis-[HCo(CO)(PPh 3 ) 2 ] shows a flexibility both in terms of energy, and in terms of electronic structure upon the change of the P-Co-P angle, which can be a sign of the flexibility of PPh 3 ligands in real reaction conditions.
Introduction
Catalytic hydroformylation of alkenes is one of the largest volume applications of homogeneous catalysts. In the recent decades the continued development of new P-donor ligands has resulted in significant advances in the selectivity of hydroformylation catalysts. An especially effective improvement in the control of catalyst regioselectivity involves the application of bulky diphosphines and diphosphites with wide bite angles [1] [2] [3] . In the rhodium catalyzed hydroformylation, particularly high regioselectivities were achieved employing bidentate diphosphines based on xanthene-like backbones, and it was found that the larger the bite angle, the greater the selectivity for the linear aldehydes [2] . Two examples of pioneering wide bite angle diphosphines are depicted in Scheme 1.
The understanding of fundamental aspects of transition metal-catalyzed reactions is profound for the discovery of new and more efficient catalysts. Computations play an increasingly important role in getting new insights in reaction mechanism by their ability to provide equilibrium geometries for transition states and high energy intermediates, as well as by the determination of electronic structure parameters of structures of importance.
Potential energy surfaces (PESs) are indispensable for studying reaction profiles and rates computationally [4] . For exploring a region of the PES the relaxed PES scan calculations are sometimes the most appropriate tools, which are performed by the stepwise change of one internal coordinate, while every other coordinates are fully optimized in every step. Relaxed PES calculations are employed, for instance, for the characterization of bond dissociation [5] , bond rotation [6] , or even the change of electronic structure by varying the phosphorus-metal-phosphorus bond angle [7] .
The goal of this paper is to characterize the ligand Xantphos coordinated to the HCo(CO) moiety. These kinds of complexes can serve as catalysts for the cobalt-catalyzed hydroformylation reaction, containing diphosphine ligands. Besides the discussion of the corresponding Co-Xantphos complex, the bite angle effect is estimated via the complex cis-[HCo(CO)(PPh 3 ) 2 ] in a flexible potential energy scan, constraining the P-Co-P angle at every step with a full optimization of all other internal coordinates.
Computational Details
For all the calculations the PBEPBE gradient-corrected functional by Perdew et al. [8] was selected using the Gaussian 09 suite of programs [9] . For the Co atom the triple-basis set by Ahlrichs and coworkers was applied and denoted as TZVP [10] , whereas the 6-31G(d,p) basis set [11] was employed for every other atoms. Local minima were identified by 2 Journal of Quantum Chemistry Table 1 : Selected bond lengths in HCo(CO)(phosphine) complexes as well as those of the structures involved in the PES scan changing the P-CO-P angle. The cis phosphorus atom with respect to the hydride ligand is designated as P1. the absence of the negative eigenvalues in the vibrational frequency analyses, whereas the Hessian matrix of transition states has only one negative eigenvalue. For the QTAIM studies the AIMAll software was employed [12] .
Results and Discussion
The computed structure of HCo(CO)(Xantphos) (1) is depicted in Figure 1 . For a bite angle 112.8 ∘ has been obtained, somewhat less than expected, due to the slightly bent arrangement of the fused rings about the middle ring. The geometry is similar to that of the rhodium analogue HRh(CO)(Xantphos), reported by Landis and Uddin [13] . For comparison, complexes HCo(CO)(PH 3 ) 2 (2) and HCo(CO)(PPh 3 ) 2 (3) are also shown in Figure 1 . Not surprisingly, both complexes exhibit smaller bite angles: 103.2 ∘ , and 106.5 ∘ for complex 2 and complex 3, respectively. The C-O bond distance of the carbonyl ligand is almost identical in 1 and 3, indicating a very similar P-donor character for Xantphos and PPh 3 in terms of back-donation from cobalt to the CO ligand. In complex 2 the CO bond is somewhat shorter suggesting weaker donation ability for PH 3 in comparison to both triarylphosphines. Remarkable, however, is the difference in Co-H bond distance in complexes 1 and 3, proposing a stronger metal-hydride bond in the Xantphoscontaining complex. All complexes exhibit also structures distorted from square planar arrangement; complex 2 is the closest to planar. The distortion is illustrated in the inlet in Figure 1 , showing the hydride and carbonyl ligands bent from the P-Co-P plane.
The electronic effect in wide bite angle ligands can be divided in two parts: one is the influence of the substituents on phosphorus, whereas the secondary electronic effect is determined by steric effects, that is, the bulk of the substituents, and the phosphorus-metal-phosphorus bite angle. For the interpretation of the secondary effect, a flexible potential energy surface scan has been completed using complex 3 as model compound (see Figure 2 ). Although the middle ring and especially the oxygen heteroatom slightly alter the electronic structure of P atoms in complex 1, triphenylphosphine, as a triarylphosphine, is an appropriate candidate for testing the bite angle effect. This is also supported by computed ](CO) values, as they are very close to each other: 1970 and 1967 cm −1 for 1 and 3, respectively.
The PES scan was done in two directions starting from the equilibrium geometry of 3, covering the P-Co-P angle (denoted as Θ) range from 98.5 ∘ to 138.5 ∘ in 5 ∘ steps. The energy of the 98.5 ∘ structure is higher by only 1.5 kcal/mol than that of 3, in spite of the steric congestion of the inner phenyl rings. This may be the consequence of the energy gain caused by -stacking interaction between the rings, which partly compensates the steric repulsion. The influence of -stacking on the regioselectivity of platinum-containing hydroformylation catalysts was investigated employing the Dreiding force field and it was concluded that the phenyl group of styrene may interact with the aromatic ring of the phosphine ligand increasing the ratio of the branched aldehyde [14] .
At 113.5 ∘ a local genuine minimum appears, which is less stable than 3 by only 0.9 kcal/mol. The approximate transition state for this conformational change of the aryl rings emerges at the angle of 108.5 ∘ with a barrier of about 1.2 kcal/mol. This local minimum is a good approximation for 1 in terms of bite angle. As the bite angle increased the potential energy also increases, somewhat steeper in the vicinity of the local minimum structure, with an inflexion point at about 108.5 ∘ , with a gradual increase until the angle of 123.5 ∘ , and with a steeper increase again at bite angles larger than that. The structure with a bite angle of 138.5 ∘ is by 7.6 kcal/mol higher in energy in comparison to 3.
The structural parameters of all the structures involved in the PES scan are compiled in the cobalt-hydrogen bond length is closely related to the bite angle: the greater the angle is, the shorter the Co-H bond is. No such obvious relationship has been found for the Co-C, and for the C-O bonds. On the other hand, the Co-P bonds are more elongated for the minimum structures, as well as for that with a bite angle of 98.5 ∘ . The electronic structure around the cobalt central atom has been elucidated within the framework of the Quantum Theory of Atoms in Molecules developed by Bader. One of the two QTAIM descriptors taken into account is the delocalization index (A, B) , which is introduced by Bader and Stephens [15] and describes the number of electron pairs delocalized between two atomic basins. The (A, B) is somewhat related to formal bond orders for an equally shared pair between two atoms in a polyatomic molecule; however, it is usually less than that due to delocalization over the other atoms in the molecule. The second descriptor is the electron density at bond critical points ( BCP ), which is also related tobond strengths. The (A, B) data for all structures considered in this study are presented in Table 2 , whereas the ( BCP ) data for them are shown in Table 3 .
The relationship between the delocalization index for the H-Co bond and the bite angle is not so obvious, than the relationship between the H-Co bond lengths and the bite angle. It reaches its minimum at 106.5 ∘ (hence in the case of 3) and it gets greater at larger bond angles; however, it has a maximum at Θ = 123.5 ∘ . It is notable that (H, Co) in complex 1 (which has a bite angle of 112.8 ∘ ) almost matches that for the structure HCo(CO)(PPh 3 ) 2 with a bite angle of 113.5 ∘ corroborating the close relationship between the bite angle and the H-Co bond strength.
The (C, O) value is directly related to the electronic influence of phosphine upon the C-O bond; thus it is somewhat connected with Tolman's electronic parameter [16] , which is a widely used descriptor for the characterization of various P-donor ligands. Interestingly, among the bistriphenylphosphino structures, the Θ = 133.5 ∘ structure provides the closest match with the Xantphos-containing complex 1. Otherwise, the delocalization index of the C-O bond reveals a continuous decrease in the function of bite angle, indicating that the donor character of the PPh 3 ligand is stronger when the bite angle is increased.
The electron density at bond critical points is, however, less indicative for the description of bite angle effect. For the Co-C and C-O bonds only a very subtle change can be observed. The value of BCP (H-Co) moves in a very narrow range as well; however, it shows an increasing trend along with the increase of the bite angle, in conjunction with the delocalization index (C, O).
From the electron density distribution within a molecule, detailed information can be obtained by the Laplacian of electron density, ∇ 2 (r) < 0, which indicates charge concentrations of charge depletions. The Laplacian distribution of 2, as a prototype species, is depicted in Figure 3 . Both 
Conclusion
The increase of the bite angle results in an enhancement of the strength of the H-Co bond, whereas the C-O bond in the carbonyl ligand becomes somewhat weaker revealing an increase also in the -donor character of the phosphine ligand. The model compound cis-[HCo(CO)(PPh 3 ) 2 ] shows a flexibility both in terms of energy and in terms of electronic structure upon the change of the P-Co-P angle, which indicates a rather flexible behavior of PPh 3 ligands in real reaction conditions.
